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used in the model, values of  ranging from 0.86 to 0.2 are obtained.
DOI: 10.1103/PhysRevLett.96.236101 PACS numbers: 68.55.a, 64.60.Ht, 68.47.b, 81.15.GhRough surfaces and interfaces are ubiquitous in nature,
and from the technological point of view the control of
their roughness is becoming critical for applications in
fields such as microelectronics, image formation, surface
coating, or thin film growth [1]. In this context, during the
last years there has been an increasing interest in the
description of the self-affine kinetic roughening of surfaces
[2–6]. This regime is characterized by an increase of the
roughness with time and/or the scale of observation in a
self-affine fashion [7,8]. The conventional dynamic scaling
theory, the theoretical background used for the description
of these phenomena, is based on the so-called Family-
Vicsec relation, which models the evolution of the surface
roughness  -defined as the rms value of the heights of the
different points of the interface- with the deposition time
and the scale of measurement by means of the following
expression [8]:





fu  u u 1
fu  const u 1
; (1)
where  is the so-called roughness exponent and  the
growth exponent. According to the dynamic scaling theory,
there exist only a finite number of universality classes
characterized by certain values of the (;) exponents,
so that all the experimental systems would fall into one of
these classes. The dynamic scaling theory can then be
understood as an extension of the theoretical framework
used for the description of the scaling properties of equi-
librium phase transitions to nonequilibrium systems [7].
In the last years a number of experimental results have
appeared that cannot be interpreted in terms of the con-
ventional dynamic scaling theory. In some works, values of
the  and/or exponents which do not belong to any of the
universality classes have been reported. An example of this
behavior is the finding of very high values of the growth
exponent  (i.e., > 0:5) [2,9]. To account for these
values, alternative explanations of that of the universality
classes have been proposed. One of the most widely used06=96(23)=236101(4) 23610models is the nondeterministic model of Das Sarma–
Tamborenea [10], that relates the variations of the growth
exponent  with the control of film growth by surface
diffusion. For 2D surfaces, this model accounts for values
of this exponent ranging from 0.17 to 0.5, this latter value
being only obtained if diffusion is neglected. In the same
context, Elsholtz et al. [9] presented a model where they
considered a diffusion energy with two contributions, one
determined by the bonding environment of the incoming
particles once they arrive to the surface, and a second one
of stochastic character. By changing the relative weight of
the stochastic parameter, these authors were able to obtain
values of the  exponent as high as 1.0.
In other systems, the scaling of surface roughness is
characterized by different local and global behaviors (i.e.,
at short and long length scales L) of the surface roughness
[11–14], a result that precludes the use of the Family-
Vicsec relation [6]. In order to explain the anomalous
scaling observed, some authors have defined different scal-
ing relations for the local and global surface fluctuations
[6], while other authors have developed modified scaling
relations where the local and global behaviors are gathered
in a single expression [13]. However, the physical inter-
pretation of the anomalous scaling and its relation with the
kinetics of the growth process is not straightforward and
there is a strong need of more elaborated models for a
better understanding of the roughening process.
In this work, we present new experimental results that
reveal an anomalous scaling of the surface roughness of
SiOxCyHz and SiO2 thin films prepared by plasma en-
hanced chemical vapor deposition (PECVD) [15]. We
show that the anomalous scaling behavior and the surface
microstructure can be reproduced by a kinetic Monte Carlo
simulation in which the effect of the angular distribution
function of the incoming particles and the presence of
lateral growth are specifically taken into account as the
main factors responsible for the control of the growth
process. Despite the fact that the model primarily intends1-1 © 2006 The American Physical Society
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acteristic of PECVD, we believe that it can be also applied
to any other system in which diffusion does not play a
significant role.
SiOxCyHz and SiO2 thin films have been prepared by
PECVD in a low pressure plasma reactor by using tetra-
methylsilane as the precursor and mixtures of Ar=O2 as
plasma gas. It is interesting to mention that although differ-
ent compositions (i.e., Si:C:O relations) can be obtained
depending on the actual Ar=O2 ratio in the plasma, the
scaling behavior of the films was always similar.
Figure 1 shows the most significant experimental results
regarding the film microstructure and the scaling behavior
of the surfaces of the SiOxCyHz and SiO2 films. The films
depict a well-defined granular microstructure and are char-
acterized by high values of the growth exponent (i.e.,  
0:57 for SiO2 and   0:58 for SiOxCyHz at large scales of
measurement). Also, values of  1:3 have been deter-
mined by means of the power spectral density for global
scaling [2,11,16], while values of  0:7 have been found
by using the height-height correlation function for local
scaling [17]. However, the most interesting result in rela-
tion with the anomalous behavior of these surfaces is theFIG. 1 (color online). SiOxCyHz and SiO2 thin films grown by
PECVD: (a) Typical atomic force microscope image of a SiO2
thin film (1 1 microns); (b) Variation of the growth exponent 
with the scale of measurement of SiO2 and SiOxCyHz thin films.
23610dependence found between the growth exponent  and L.
This relation, also reported in Fig. 1, clearly evidences an
important decrease of the  exponent for low values of L.
This result would be in agreement with the existence of a
characteristic length or size (Lc) of the system. For L > Lc
a constant global exponent is found, while for L < Lc a
variable local value of the  exponent is obtained. From
the results in Fig. 1, in our system this would occur for
Lc  100 nm. Therefore, our system presents an anoma-
lous scaling behavior that cannot be explained in terms of
the Family-Vicsec relation.
To understand the scaling properties and the microstruc-
ture developed by systems depicting an anomalous scaling
behavior [11–14] and, in particular, our own PECVD films,
the film growth has been modeled by means of a kinetic
Monte Carlo simulation. In this regard it is interesting to
note some characteristic features of the PECVD procedure
such as the existence of reactive species in the gas phase
and dangling bonds at the surface. These dangling bonds
may hinder the surface diffusion and thus contribute to the
appearance of vacancies, the development of microporos-
ity, and the decrease of the density of the films. In the
model, we first admit that the incoming particles may reach
the surface with an angular distribution function. This is
constructed by considering, as in the work of Karabacak
et al. [18], a Maxwellian distribution function for the
energy of the particles. In addition, we also include an
average directed velocity v0 towards the surface. When
this directed velocity is small, the angular distribution
function spreads the incoming direction of the particles, a
situation that is consistent with the physical characteristics
of a plasma [19]. Meanwhile, when v0 is dominant, parti-
cles reach the surface with the same angle, a situation close
to that existing in ‘‘line of sight’’ techniques like physical
vapor deposition or molecular beam epitaxy, where the
incoming particles likely follow straight trajectories.
With this model it is possible to obtain an analytical
expression for the accumulated distribution function
F 	 P
 <, that gives the probability for a particle
to reach the surface with an angle smaller than  with
respect to the normal direction of the surface:
P












Therefore, depending on the value of the normalized ve-
locity z, we can simulate situations ranging from nearly
vertical incidence of the particles to a pure Maxwellian
distribution of the incoming particles with a large span of
angles of incidence.
A second important assumption of the model is that we
have abandoned the solid-on-solid approximation and al-1-2
FIG. 2. Representation of the topography images for simulated
thin films of equivalent thickness, showing the influence of the
angular distribution function of the incoming particles on the
surface microstructure.
FIG. 3. Evolution of the simulated surface topography with
deposition time (z 	 0).
FIG. 4. Evolution of the calculated surface roughness as a
function of the film thickness for different values of the normal-
ized directed velocity z (N 	 256).
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film growth. It is assumed that, as in the ballistic deposition
model [8,20], particles stick initially onto the first position
where they touch the surface. This assumption is consistent
with the fact that in PECVD the incoming particles usually
have an enhanced reactivity and the obtained materials
present strong covalent and ionic bonds. From this state,
surface diffusion is only allowed to single bonded particles.
This restriction is in agreement with the low temperatures
characteristic of the PECVD method, whereby the strong
surface binding energies (i.e., Si-O and Si-C bonds in our
films) will greatly decrease the diffusion frequency of
multiple bonded atoms. Note that although the model has
been developed to reproduce the conditions encountered
by PECVD, it basically consists of a ballistic deposition
model with particles arriving with an angular distribution
that, once on the surface, present a restricted or null
diffusion. In this sense, the model represents a general
situation in which lateral growth and nonlocal interactions
due to shadowing effects are present.
Simulations have been performed for N  N particles,
with N ranging from 128 to 2056. For each condition 20–
100 simulations have been run to improve the statistics.
Figure 2 shows the influence of the normalized directed
velocity z on the film microstructure in the absence of
diffusion. The images correspond to the theoretical simu-
lation of the growth of surfaces composed by 256 256
active sites and similar optical thickness. It is apparent that
the distribution function of the incident particles greatly
affects the microstructure of the simulated films, and that
the granular structure found experimentally is described
best by a situation characterized by a low diffusion and
relatively small values of the directed velocities of the
incoming particles (z 1). Under these conditions, a net
increase in grain size with deposition time is a direct
consequence of the formation of voids and overhangs.
For the case z 	 0, Fig. 3 shows that the coalescence of
the growing grains occurs with time, thus avoiding the
development of columns in the films characteristic of
situations in which, as in solid-on-solid approximations,
the role of lateral growth is minimized [21].
The variation of film roughness with deposition time is
presented in Fig. 4 for N 	 256 and different values of z.
Apart from the expected transient region at low thickness
(h < 10) where the growth exponent is close to 0.5 [8], the
films are characterized by different values of the  expo-23610nent before reaching saturation. The plot also shows that
the exponent  is strongly influenced by the distribution
function of the incoming particles, reaching a maximum
value for a pure Maxwellian angular distribution function
(z 	 0).
When analyzing the time dependence of the roughness
for different length scales, a strong dependence of the 
value with the scale of measurement is found, especially at
low length scales. Thus Fig. 5(a) shows that for regions
below the correlation length (i.e., LcN  500), 
changes with N. It is also interesting in this figure that
the magnitude of the change of  critically depends on the
angular distribution function of the particles. For N > 500
a saturation value is obtained for , in perfect agreement
with the experimental results presented in Fig. 1. At this
point it is important to note that, as shown in Fig. 4, the
scaling relation  t still holds for low length scales
(i.e., N 	 256 for the plots in Fig. 4). This means that the1-3
FIG. 5. Evolution of the growth exponent  with the normal-
ized directed velocity z and the scale length of the system:
(a) Variation of  with the scale length for selected z values;
(b) Influence of the distribution function of the incoming parti-
cles on the saturation values of the growth exponent.
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interpreted as a transient region between the two asymp-
totic regimes of the Family-Vicsec relation, but as a scaling
property of the roughness of the simulated film. Such a
behavior can be considered a generalization of the scaling
relation proposed by Huo and Schwarzacher [13].
The saturation values of  obtained for high length
scales are presented in Fig. 5(b) for different values of z.
This plot shows that by changing the angular distribution
function of the particles it is possible to obtain a wide range
of values of the growth exponent, from  	 0:82 to  	
0:2 for an almost perpendicular incidence of the incoming
particles. Therefore, the proposed model furnishes a wide
range of growth exponents and final microstructures that
agree not only with the experimental measurements pre-
sented here for PECVD films, but also with those of other
authors for thin films grown by other methods [2,9].
Although further work is still necessary to fully under-
stand the effect of surface diffusion in the transition from a
granular to a columnar microstructure and its influence on
the scaling properties of the growing surface, the proposed
model proves that both the angular distribution of the
incoming particles and lateral growth can play an impor-
tant role in determining the microstructure and the scaling23610properties of surfaces during thin film growth. The pres-
ence of an angular distribution function of the incoming
particle introduces nonlocal effects in the surface dynamics
that would be the main reason for the anomalous behavior
of the scaling properties of the surface as evidenced by the
high values of the  exponent determined. Lateral growth,
on the other hand, would be responsible for the appearance
of a granular microstructure that would prevent the devel-
opment of the columnar microstructure characteristic of
the solid-on-solid approximations.1-4*Electronic address: angel.yanguas@icmse.csic.es.
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